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Neutrally buoyant diapirs: A model for Venus coronae
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Abstract. Coronae are typically circular features, 100-
600 km in diameter, characterized by a deformed annu-
lar ring that is often topographically high. The cen-
tral region may be raised or depressed relative to the
ambient elevation. Previous studies have proposed an
evolutionary progression beginning with dome-shaped
features which have radiating extensional rifts, followed
by plateau-shaped features which have both concentric
deformation and radial extension, ending with the clas-
sic corona as described above. Previous dynamical cal-
culations of a rising and spreading diapir simulated the
evolution from dome to plateau-shaped topography, but
could not account for the raised rim or depressed cen-
tral topography of some coronae. We demonstrate that
these features can be modeled by a diapir that spreads
laterally at a depth of neutral buoyancy.

Introduction

Coronae are among the features of Venus that in-
dicate a planetary history different from the Earth’s.
They often appear in chains or clusters, and the asso-
ciated volcanism is reminiscent of terrestrial volcanic
chains. However the mechanism and planetary struc-
ture responsible for their unusual shapes remain un-
known. Planetary surface features such as the crustal
and lithospheric thicknesses [e.g. Simons et al., 1994],
the thermal gradient, and the elastic properties near the
surface are poorly constrained. Of greater certainty are
the observations that there is very little lateral motion
of the surface [e.g. Solomon et al., 1992; Grimm 1994],
that the surface is hot (~740 K), basaltic in compo-
sition and appears to be dry [Kaula, 1990], and that
plume activity and volcanism are prominent.

We propose a mechanism for the formation of corona
topography that is consistent with the more certain as-
pects of venusian surface structure, and can help inform
the less certain aspects. As in several previous studies
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[Stofan et al., 1991; Stofan et al., 1992; Squyres et al.,
1992; Janes et al., 1992], we envision corona forma-
tion to result from ascending, buoyant mantle plumes
or diapiric upwellings. Close to the surface, they spread
laterally, generating partial melts that may erupt at the
surface. Koch [1994] modeled the ascent and spread of
a diapir beneath a free-slip fluid surface and found that
the induced surface topography evolves from a dome to
a plateau. Here we demonstrate that a diapir spreading
at a level of neutral buoyancy produces additional to-
pographic features characteristic of coronae. The level
of neutral buoyancy may occur within the lithosphere,
between the mantle and crust [Hansen & Phillips 1993],
or along the gabbro-eclogite phase transition.

Model

The model problem (figure 1) consists of an initially
spherical diapir with radius a, density p and viscosity
Au rising through a fluid half-space having density g,
and spreading laterally at a depth b, beneath a layer
having p,, such that p, > p > p..

We assume cylindrical geometry, Newtonian fluids,
and a Boussinesq-like approximation. The diapir mo-
tion and topography are solved numerically using a
boundary integral method [Mange et al., 1993; Koch
1994]. The upper surface has a free-slip boundary con-
dition, and dynamic topography is calculated using the
surface viscous siress. We assume uniform viscosity u
for the upper and lower layers. Since diapirs are hot
and much less viscous than the surrounding lithosphere,
we assume A = 0.01. The effects of plume cooling are
ignored, since the time scale of cooling for a plume hav-
ing dimension [ &2 100 km is O(?/) = 300 m.y. (where
k =~ 167° m?/s is thermal diffusivity) and is much larger
than the time scale of diapiric evolution, & 50 m.y. (see
below). We also assume that the deflection of the in-
terface between the upper and lower layers is negligible.
The portion of the diapir which has penetrated b is neg-
atively buoyant, and the portion of the diapir beneath
b is positively buoyant.

Solutions to the model problem depend on the dimen-
sionless depth of neutral buoyancy, b/a, and the density

structure
= (p'"Pc)/(pm _Pc)' (1)

We present results for T = 0.8, a value suitable for a
diapir spreading at a gabbro-eclogite phase transition.
A slightly higher value of T' might apply for spreading
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Figure 1. Model geometry. Initial diapir depth is 10a.

along the crust-mantle interface. We consider 0.05 <
b/a < 0.5, consistent with the large range of possible
diapiric radii and crustal thickness.

Model results

In figure 2 we show computed diapir shapes and
the corresponding surface topography at four times for
b/a = 0.1 and T = 0.8. Figure 3 shows the surface devi-
atoric stress for the earliest and latest stages shown in
figure 2. Also shown are the surface deformations which
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Figure 2. Diapir shapes and model topography at
R/a = 1.25, 1.75, 2.0 and 2.25 for b/a = 0.1 and
I' = 0.8. Times are normalized by p/(pm — p)ga, and
t = 0 is defined to occur when R/a = 1.25. Topogra-
phy is normalized by a(pm — p)/p.. Plots are vertically
exaggerated by a factor of 6.
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would result if the deviatoric stress magnitude is great
enough to fracture the surface crustal material. Do-
mal topography and radial fractures result from early
diapir ascent. As the diapir spreads along the level
of neutral buoyancy, rims and concentric deformation
develop. The concentric deformation becomes increas-
ingly focused close to the rim as spreading continues.
At late stages, the central region becomes depressed
below the surrounding surface. The topographic evo-
lution is explained by the change in buoyancy of the
diapir above and below . At early stages the diapir is
nearly spherical, and even when its upper surface has
first penetrated b, the net buoyancy is dominated by
the lower portion of the diapir, resulting in domal to-
pography. As the diapir flattens and thins, its central
region has protruded furthest through b and contributes
a greater amount of negative buoyancy than the outer
region of the diapir which has still barely penetrated &.
Hence the central region of the surface subsides faster
than the outer region and a rim forms. For sufficiently
large T and/or &/a, the negative force is great enough
to generate a central depression.

Early stages resemble the observed domal features
with radial fractures, sometimes termed ‘novae’. In-
termediate features resemble typical coronae. Finally,
a central depression evolves, generating a feature like
those which have previously been termed ‘calderas’ (as-
sumed to have central collapsed magma chambers)
[Squyres et al. 1992; Siofan et al. 1992]. However these
depressions may be a late stage of corona formation.
The evolution from the dome to the corona with a cen-
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Figure 3. The dimensionless viscous deviatoric surface
stresses for R/a = 1.25 and R/a = 2.25, corresponding
to the first and last stages in figure 2. Stress is nor-
malized by ag(pm — p). Bottom: The corresponding
expected patterns of deformation.
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Figure 4. Rim elevation as a function of axial height
for T' = 0.8 and b/a = 0.4, 0.25 and 0.1. Both el-
evations are divided by diapir diameter. The model
results are dimensionalized using a{p, — p)/pc, where
p = 2.9, 3.3 and 3.4 for the crust, diapir and man-
tle. Also shown are observations for several coronae,
normalized by corona diameter. The error bars reflect
spatial topography variations.

tral depression takes ~ 50 m.y., assuming u = 10?! Pas,
a = 100 km, and p,, — p = 100 kg/m3.

In general, large values of b/a produce the great-
est topographic relief at early times and then deeper
central depressions, whereas low values of b/a produce
nearly plateau-shaped topography. For very large b/a
(e.g. b/a > 0.4) the diapir remains too deep to produce
significant relief. T' affects the topography in a similar
manner: greater relief occurs for larger values of T'.

Comparison with observations

The evolution of the rim and axial elevation is illus-
trated in figure 4, for three model values of b/a, and
is compared with several corona observations. We nor-
malize the calculated rim and axial heights by the di-
apir diameter, and observations by the coronae diame-
ter (= the diapir diameter). A given corona shape be-
gins in the center of the diagram and evolves along the
straight line (containing the domal features Selu, Makh
and Mokos) toward the upper right hand corner, while
the topography has a dome or plateau shape. Once
a rim forms, it then progresses counterclockwise along
one of the curves with the appropriate value of /a.

The solution for each corona could be inverted to ob-
tain b and a. Figure 4 indicates the appropriate value
of b/a and the amount of diapiric spreading for each
corona. The value of a can then be found by requir-
ing the solution to match the diameter of the corona.
However this inversion is not attempted here.

In figure 5 we show that two different coronae can
be modeled by a diapir spreading at a depth of neutral
buoyancy of b = 20 km. Typically we find good agree-
ment with observations for 0.7 < T < 0.95 and 10 km
< b < 50 km.
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Discussion

A variety of coronae shapes and sizes can be explained
by diapirs spreading along a depth where they are neu-
trally buoyant. This depth might be the mantle-crust
boundary, or alternatively the gabbro-eclogite phase
transition. For the phase transition, T is 0.8, assum-
ing p ~ 2.9, 3.4, and 3.3 g/cm3 for gabbro, eclogite and
the diapir respectively. Although we have assumed that
the lower fluid is a halfspace, rather than a finite eclog-
ite layer, the part of the plume that would extend be-
neath the eclogite layer is unlikely to affect significantly
the surface features. Diapiric spreading along such a
phase boundary may also promote the detachment of
the eclogite layer, which in turn would affect the dy-
namic topography and the spreading of the diapir. For
spreading along the mantle-crust interface, a slightly
larger value of T' is appropriate. In this case, if the di-
apir’s buoyancy is due to thermal expansion, T’ = 0.9
(pm — p ~ 50 kg/m? for a temperature anomaly of sev-
eral hundred degrees; p,, — p could be even larger due
to compositional buoyancy or if the diapir is partially
molten). The larger value of T' will produce slightly
greater topographic relief and deeper central depres-
sions.

We have assumed that the interface between the lay-
ers is not deflected by the approach and penetration of
the diapir. Such deflection would warp the entire pro-
file upward, but the corona features would still be pro-
duced. We have also assumed a free-slip upper surface,
which is an end-member of possible rheological mod-
els. The existence of an elastic lid, suggested by both
observational and theoretical constraints [e.g. Johnson
& Sandwell 1994], might suppress some of the short-
wavelength dynamical features such as the rims. How-
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Figure 5. Comparison of model profiles (bold curves)
with observed profiles (thin curves). Top: Eve corona,
compared with the solution for & = 20 km and a = 140
km at R/a = 1.74. Bottom: Thouris corona (thought
previously to be a caldera), compared with the solution
for b = 20 km and a = 55 km at R/a = 1.54. For both
cases, I' = 0.8. Model results are dimensionalized using

a(pm — p)/pe-
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ever, for viscoelastic properties, the Maxwell time for
the lithosphere is unlikely to be greater than O(10°)
years, whereas the diapir spreads over a timescale
O(107—108) years. We therefore expect surface defor-
mation to be dominated by the viscous response. We
have also neglected vertical viscosity gradients within
the lithosphere. However, previous studies have demon-
strated that the presence of a high viscosity lid (as op-
posed to an elastic lid) would actually enhance the am-
plitude of short wavelength features such as the rims
[e.g. Morgan 1965].

The model fails to reproduce the topographic troughs
which surround many of the coronae annular rims.
These might be explained by gravitational compen-
sation due to the topographic loading of the corona
[Squyres et al., 1992], or by thermal effects such as cool-
ing of the nose of the spreading diapir.

One variation of the model (not presented here) is
to place the depth of neutral buoyancy within a fluid
having a smoothly, e.g. exponentially, varying density
structure. Such a structure would also be appropriate
for neutrally buoyant magma bodies as discussed by
Head & Wilson [1992]. Rim-shaped topography still
occurs, but the topographic features are less sharp and
relief is lower.

The simple model of neutrally buoyant diapirs can
account for many of the previously unsolved aspects of
corona topography. In particular, rim-shaped topogra-
phy with high central topography occurs at early stages
and sunken central topography at later stages. We have
found that many coronae shapes can be reproduced for
different values of crustal thickness, within a range 10
km < b < 50 km for the density structure I' = 0.8
(equation 1). A careful comparison of model results and
coronae observations can provide improved constraints
on the density structure and crustal thickness on Venus.
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